Background: C-type natriuretic peptide (CNP) is a paracrine growth factor critical in endochondral bone growth. Amino-terminal CNP (NTproCNP), measurable in plasma, correlates with growth-plate activity and can be used as a biomarker of growth velocity in children. Because severe inflammation in adults increases CNP, we studied CNP peptides and inflammatory markers in children with acute illness. Methods: Forty-two children aged 2 mo to 5 y with acute illness warranting admission to an acute assessment unit were studied. Fifteen age-matched healthy children attending an outpatient clinic served as controls. Venous CNP concentrations were measured at admission, along with markers of acute inflammation (body temperature, C-reactive protein (CRP), and white blood cell count) in children with acute illness. results: NTproCNP and CNP SD scores (SDSs) in the acutely ill group were significantly suppressed (P < 0.001) as compared with those of healthy children or healthy population norms. NTproCNP SDS was significantly inversely related to body temperature (r = −0.42, P < 0.01) and CRP (r = −0.56, P < 0.001). conclusion: Acute inflammation in young children potently reduces CNP production, which needs to be considered when screening for growth disorders. Our data raise the possibility that the adverse effects of inflammatory cytokines on skeletal growth may be mediated in part by reduced CNP. c -type natriuretic peptide (CNP) is expressed in a wide range of tissues (1), but its regulation in vivo has been difficult to study because only small amounts of the active peptide enter the circulation. However, recognition that an inactive amino-terminal fragment of proCNP (NTproCNP) is co-secreted with CNP (2,3), is readily measured in plasma, and correlates with tissue CNP production (4), has opened the door to clinical studies-for example, study of changing CNP production during growth and development.
c
-type natriuretic peptide (CNP) is expressed in a wide range of tissues (1) , but its regulation in vivo has been difficult to study because only small amounts of the active peptide enter the circulation. However, recognition that an inactive amino-terminal fragment of proCNP (NTproCNP) is co-secreted with CNP (2, 3) , is readily measured in plasma, and correlates with tissue CNP production (4), has opened the door to clinical studies-for example, study of changing CNP production during growth and development.
In keeping with evidence showing that an intact CNP signaling pathway is crucial to postnatal endochondral growth (5, 6) , there is now strong support for the view that plasma concentrations of NTproCNP reflect concurrent linear growth velocity during childhood (3, 7, 8) . Recent studies indicate that plasma NTproCNP concentration accounts for at least 50% of the variation in growth velocity in healthy children aged 2 mo to 20 y (9). Furthermore, changes in growth velocity initiated by hormone therapy (10) or glucocorticoid drugs (11) are closely correlated with concordant changes in plasma NTproCNP. Together, these findings suggest that, provided other pathophysiological variables are controlled, this peptide may be a useful marker of concurrent growth velocity. During the course of determining a provisional reference range for plasma CNP forms, we observed unusually low concentrations in very young children with intercurrent infections. This finding-unexpected in light of reports in adults showing that plasma CNP forms were raised in acute sepsis-raised the possibility that the CNP response to acute inflammation may differ in growing children. Moreover, because intercurrent infections are common in preschoolers, clarifying any possible impact on CNP regulation would be important when interpreting values in children undergoing tests for growth disorders. Hypothesizing that, as compared with values obtained in healthy children, plasma CNP forms are reduced in young children with acute inflammation and raised acute inflammatory markers, we have studied two groups of children aged 2 mo to 5 y. Group 1 comprised 15 healthy ambulant children attending an arranged hospital outpatient clinic and was compared with 42 children presenting with acute illness warranting admission to a child critical care unit (Group 2). Plasma NTproCNP and CNP SD scores (SDSs) were determined and compared with our published reference ranges (9) . Results were also used to compare differences between the two groups and identify associations of CNP values with the conventional markers of systemic inflammation, body temperature, C-reactive protein (CRP), and leukocytosis.
RESULTS
Demographic and clinical data for subjects are listed in Table 1 . Subjects with acute illness (Group 2) tended to be younger (median age 1.8 (0.9-2.9) y) than those in Group 1 (median age 2.2 (1.6-4.3) y, P = 0.15). Height SDSs for Group 1 were not different from the general population. However, subjects in Group 2 were taller than the general population (P < 0.001) and taller than those in Group 1 (P = 0.005, Figure 1 ).
Despite greater height for age in acutely ill children, their median NTproCNP level (35.5 (27.4- Figure 2 , levels were markedly reduced in Group 2 as compared with values in Group 1 (median: −1.7 and 0.2, respectively, P < 0.001). Suppression was independent of type of infection. As compared with the general population, Group 1 children had NTproCNP levels that were within the expected range, whereas those in Group 2 had levels that were significantly lower (P < 0.001). In the 10 children in Group 2 in whom CNP measurements were possible, CNP SDS (median: −3.7) was profoundly depressed.
Further analysis of Group 2 children shows that plasma NTproCNP SDS is significantly and inversely related to body temperature (Figure 3a , r = −0.42, P < 0.01) and CRP (Figure 3b , r = −0.56, P < 0.001). No relationship with the total white cell blood count or neutrophil count was observed (r = −0.07, P = 0.7 and r = −0.17, P = 0.3, respectively).
DISCUSSION
The current results show that, as compared with healthy ambulant outpatients and a healthy population of normal children, plasma NTproCNP is significantly depressed during acute illness in infants and young children. Moreover, the degree of suppression is highly correlated with conventional markers of acute inflammation in sick preschool-aged children. Together, these findings indicate that the inflammatory response and/or the associated stress rapidly reduce CNP production in skeletal tissues. These findings not only provide new insights into CNP regulation but also on a more pragmatic note require consideration when interpreting plasma NTproCNP values as a marker of growth velocity.
Clarifying the major sources of circulating concentrations of CNP forms, as well as the effects of pathophysiological variables on plasma levels, is increasingly important now that laboratory assays are being used in humans to quantify CNP production (7, 8, 12) . Values of both NTproCNP and CNP were higher during the growing years (9) and then fell and acutely ill subjects (Group 2). Box plots show median, 25th and 75th percentiles, 10th and 90th percentiles, and individual outliers. *P = 0.005 as compared with Group 1. † P < 0.001 as compared with the general population. NTproCNP, amino-terminal C-type natriuretic peptide; SDS, SD score. 
Inflammation in children inhibits CNP
Articles progressively to reach a nadir by the fifth decade in a population of adult-volunteer subjects (13) . Consistent with the well-documented expression of CNP in the vascular endothelium, early work emphasized the importance of the peptide in a "vascular natriuretic peptide system" (14) , which was stimulated in vitro by cytokines such as transforming growth factor-β. Notably, adults with severe sepsis and associated shock and multiorgan failure were found to have markedly raised plasma concentrations of CNP (15)-possibly induced by cytokines (such as tumor necrosis factor-α and lipopolysaccharide) and an activated inflammatory state. More recent studies report similar findings using assays of NTproCNP in critically ill adults (16) , with values being increased in the presence of sepsis (17) . A strong positive association of plasma NTproCNP with inflammatory markers such as CRP was also documented (17) . These findings in critically ill adults stand in contrast with the present observations in young children in which acute inflammation, in most instances infectious in origin, suppressed CNP production as shown by greatly reduced plasma concentrations of both CNP forms. Furthermore, the degree of suppression was significantly and inversely related to markers of acute inflammation such as CRP and fever. Whether these differential responses in plasma CNP and NTproCNP to acute inflammation reflect severity or subjects' maturation is unclear. Severe sepsis with shock is likely to stimulate a much more diverse range of cytokines and higher levels of interleukin (IL)-1β and IL-6 than acute inflammation not associated with shock (18, 19) , which, by damaging the vascular endothelium, may allow greater access of potential CNP secretagogues (20) to sites of CNP production and subsequent (luminal) release. Furthermore, organ failure and renal impairment will markedly raise NTproCNP by reducing its clearance (13) . That the CNP response in children to lesser degrees of inflammation contrasts with the above may be related to at least two factors. First, because cytokine release is much lower, the integrity of the vascular endothelium is unlikely to be threatened, and release of "vascular CNP" may be minimal. In unpublished studies, we have found that even massive doses of Escherichia coli lipopolysaccharide (800 ng/kg, intravenous bolus) in healthy adult sheep resulted in only modest increase in plasma CNP or NTproCNP. Second, and perhaps more important, circulating concentrations of CNP peptides in healthy growing children are largely sourced from growth plate-related tissues (4, 9) , which are absent in adults. Both CNP production and linear growth can be rapidly reduced in lambs or children by factors known to impair growth, such as nutrient deficiency (21) or high doses of glucocorticoids (3). Because small (contrived) increases in plasma cortisol for a period of 10 d in fetal lambs also lower NTproCNP (22) , stress associated increases in cortisol could contribute to the suppressed levels of CNP we observed. However, the close inverse association of CNP values with CRP and fever suggest that inflammatory cytokines are more likely to be involved. Relevant here are in vitro findings showing that IL-1β (23), IL-6 (24), or a combination of cytokines (25) potently inhibit chondrogenesis, including proliferating chondrocytes (25) , which are likely sources of CNP within growth plates (5). Our findings linking inflammation with CNP suppression in young children now call for further study of cytokine actions on both CNP gene expression and CNP signaling within growth-plate tissues.
Our study has some limitations. Because inflammatory markers were not assessed in Group 1 children, we cannot exclude the possibility of an inflammatory state in some of these preschoolers whose height, although not abnormal, was significantly less than that of Group 2 children without examining relevant previous medical history. Moreover, putative specific mediators of the suppression (individual cytokines, cortisol, and other candidates) were not measured. Although such data could assist when focusing on underlying mechanisms in future studies, the central and novel observation that CNP production is profoundly inhibited by endogenous factors associated with acute illness in young children remains incontestable.
Apart from identifying novel mechanisms affecting CNP production, the current findings have important implications for the use of CNP measurements as biomarkers of concurrent linear growth. Although the rates of onset and recovery of inflammatory actions on CNP production are unknown, clearly sampling from children with acute inflammation will not provide a true reflection of their skeletal growth rate in health. Simple measures such as recent medical history, body temperature recording, and clinical inspection should be sufficient to detect ill children prior to sampling. How quickly CNP peptide levels return to normal is unknown. However, the rapid rebound of CNP levels after withdrawal of chemotherapy in children with acute lymphoblastic leukemia (11) , and the rapid NTproCNP rise at age 2 wk in neonates (26) after the postnatal acute-phase reaction abates (27) , suggest suppression is likely to be short lived.
In conclusion, acute inflammation in young children markedly inhibits CNP production. The close inverse association of plasma NTproCNP with markers of acute inflammation suggests that cytokines act to reduce CNP production in growth plates. In raising the possibility that reduced CNP in skeletal tissues may also contribute to the adverse effects of chronic inflammation, the findings may have therapeutic applications in disorders of bone growth.
METHODS

Subjects
Group 1 comprised 15 healthy children attending a routine (prearranged) appointment at a specialty hospital outpatient clinic. Children referred for possible disorders of linear growth were excluded. Reasons for clinic attendance included allergy (three subjects), alimentary symptoms (four subjects), previous history of bone infection (two subjects), failure to thrive (two subjects), obesity of unknown cause (two subjects), possible hypothyroidism (one subject, ruled out by laboratory testing), and possible lead poisoning (one subject, ruled out by laboratory testing). None of the 15 children in Group 1 showed signs of acute illness or distress at the time of the prearranged venipuncture. At the time of this blood sampling, which was required for clinical reasons, permission was obtained for an additional 5 ml blood sample for measurement of NTproCNP. None of the children was Articles Prickett et al.
receiving growth stimulants or drugs that are known to affect CNP production, such as corticosteroids (11) .
During the same time period of subject selection for Group 1, 42 children-without relevant previous medical history-presenting with an acute illness warranting admission to a child critical care unit were studied (Group 2). Clinical diagnoses included acute respiratory infection (12 subjects), gastroenteric infection (five subjects), renal tract infection (six subjects), possible meningitis (three subjects), soft-tissue infection (three subjects), and other symptoms suspicious of acute infection such as rash, adenitis, or high fever (13 subjects). Duration of symptoms prior to admission was 12 h to 14 d, with a median of 3 d. Body temperature was recorded at the time of venous sampling for clinically relevant tests plus collection of plasma for NTproCNP, CRP, and white cell blood count after informed consent. When plasma volume was sufficient, CNP was also measured.
In all children, age, height (Harpendon stadiometer or recumbent stadiometer in children <2 y), and weight were measured at the time of venipuncture, and height SDSs calculated using Centers for Disease Control and Prevention 2000 growth charts (28) .
This study was approved by the New Zealand Upper South B Regional Ethics Committee. In all cases, subjects and/or parents/ guardians gave written informed consent.
